Introduction
============

Until now, the relapse of insufficiently treated tumors poses an immense problem in the treatment of cancer. In this regard, especially bladder cancer exhibits a high recurrence (60%--70%) even after the complete removal of the bladder (transurethral resection), with 25% of the recurring tumors progressing to a higher tumor stage or grade.[@b1-ijn-12-2793] Additionally, an increased resistance of bladder cancer cells to ionizing radiation due to a high frequency of p53 mutations impedes a successful treatment.[@b2-ijn-12-2793] Moreover, remarkable problems of intravesically or systemically applied antitumor therapies arise from the very heterogenic interpatient efficacy and severe side-effects. For this reason, thermal approaches are considered as promising tools for the treatment of cancer due to the ability of eradicating tumor cells and/or increasing the sensitivity of cancer cells to radiation- or chemotherapy.[@b3-ijn-12-2793]--[@b7-ijn-12-2793] The temperature for thermal treatments can be achieved by various strategies including water bath, infrared light, microwave wave heating, radiofrequency radiation, and ultrasound. Nevertheless, most treatment regimens lead to an unspecific and unlocalized heating of tissues (eg, by whole body hyperthermia), limiting the maximal applicable temperature and therefore therapy efficiency.

In this context, magnetic heating can provide a handy alternative for a localized heating and inactivation of cancer cells with low side-effects.[@b8-ijn-12-2793]--[@b11-ijn-12-2793] Thus, magnetic nanoparticles (MNPs) can be deposited in the target tissue (eg, by intratumoral injection) and adjustably heated afterward by using an alternating magnetic field (AMF).

Basically, heat-based treatments can be divided into two groups, depending on the applied temperatures over the treatment time (thermal dose): hyperthermia and thermoablation.[@b12-ijn-12-2793] For hyperthermal treatments, temperatures between \~41°C and 45°C are used. This temperature range is known to induce reversible cellular damage and apoptosis by affecting the metabolism of (cancer) cells, RNA/DNA synthesis, DNA repair mechanisms, membrane fluidity and stability, the function of cell surface receptors, and trans-membrane transport proteins.[@b5-ijn-12-2793],[@b13-ijn-12-2793],[@b14-ijn-12-2793] In the case of thermoablative treatments, higher temperatures (50°C or higher) are applied.[@b15-ijn-12-2793],[@b16-ijn-12-2793] These high temperatures cause necrosis even after a relatively short time of thermal exposure, by inducing irreversible cellular damage, such as the inhibition of DNA repair, and protein denaturation.[@b17-ijn-12-2793]

To further amplify the effect of magnetic heating alone, a combinatory treatment of the target tissue by an additional coupling of drugs (eg, chemotherapeutics) to the MNPs is possible.[@b18-ijn-12-2793] In this regard, the chemotherapeutic drug methotrexate (MTX), an antifolate which interferes with the cellular nucleotide metabolism and DNA synthesis, was shown to be coupled stably to MNPs (MTX/MNPs) and exhibited a comparable toxicity to free MTX.[@b19-ijn-12-2793],[@b20-ijn-12-2793] This combinatory "nanochemothermal" approach is thought to allow a more efficient treatment of tumors, as the MNPs, and therefore the MTX, will remain in the tumor region over several days, allowing a repeated thermal, and a constant chemotherapeutic treatment, which is localized to the tumor region.[@b20-ijn-12-2793],[@b21-ijn-12-2793] Moreover, the utilization of magnetic heating in combination with MTX/MNPs has the ability to interfere with multiple phases of the cell cycle. In particular, heat-based treatments are reported to interfere mostly with later phases of the cell cycle (eg, S or M phase), whereas MTX acts in earlier phases, such as at G1/S transition.[@b22-ijn-12-2793]--[@b26-ijn-12-2793]

Besides the regulation of proteins involved in proliferation, apoptosis, and cell cycle, especially angiogenic factors are known to be key players in tumor formation and reoccurrence in vivo. Up to now, heat-based cancer therapies have been primarily studied via in vitro models using externally applied heating. Hence, knowledge concerning the ability of magnetic heating to inhibit the tumor growth and the related fundamental changes on the protein level in vivo, particularly when used as part of a combinatory treatment, is very limited. In this context, it is of major interest to analyze the impact of magnetically induced nanochemothermal treatment onto tumor growth and correlate the data with important processes, such as apoptosis, cell cycle, and angiogenesis. The results of this work will help to estimate the therapeutic efficiency of magnetic heating when used as combinatory treatment with MTX/MNPs (nanochemothermia).

In the present investigation, we studied the impact of a magnetically induced nanochemothermal treatment using MTX/MNPs and validated its superior efficiency on the fast and relapse-free destruction of bladder tumors by comparison with the application of a localized thermal treatment alone. We also analyzed the impact of the presence of MTX/MNPs or the bare MNPs on the abovementioned effect. Furthermore, the associated mechanisms for tumor destruction were explored by studying the regulation of key proteins involved in apoptosis, cellular survival, angiogenesis, and cell cycle.

Materials and methods
=====================

Cells and cell culture conditions
---------------------------------

A human bladder cancer cell line (T24, transitional cell carcinoma, grade III) was chosen, as bladder tumors exhibit a good accessibility for magnetic heating treatments. T24 cells were cultured in Dulbecco's Modified Eagle's Medium/F-12 supplemented with 5% fetal bovine serum (Life Technologies, Carlsbad, CA, USA). All experiments were performed without any antibiotics/antimycotics, except in the case of in vitro hyperthermia, where penicillin/streptomycin (1:100, Gibco, Germany) was added to the cell culture media. Prior to usage, cells were authenticated by the DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Germany).

Preparation of MTX/MNPs and MTX release kinetics
------------------------------------------------

Throughout all MNP-related experiments and for the preparation of MTX-coupled MNPs (MTX/MNPs), we used 200 nm fluidMAG-ARA/T12 MNPs (chemicell GmbH, Germany), which exhibited an arachidonic acid (ARA) coating and a clustered iron oxide core (diameter \~165 nm). The clustered magnetite core was made up of multiple smaller single core particles with a diameter of \~12 nm. MTX (AppliChem, Darmstadt, Germany) was covalently coupled to MNPs by addressing the amine groups of MTX with the aid of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, Sigma-Aldrich, St Louis, MO, USA) as coupling agent. After the magnetic separation (MagneSphere^®^ Technology, Promega, Fitchburg, WI, USA), the coupled particles were repeatedly washed with phosphate-buffered saline (PBS) and all supernatants were collected. The coupling efficiency was determined by measuring the amount of free MTX in the supernatants of all washing steps at 302 nm in a 96-well plate using a plate reader (Tecan Infinite M1000 pro, Tecan Trading AG, Switzerland).

In addition, the release of MTX from the MNPs was investigated over time. For this purpose, washed MTX/MNPs were incubated for another 2, 24, 48, or 72 h with either a standard PBS solution (pH 7.4) to simulate physiological conditions, or acidic PBS (pH 5) to mimic conditions after an uptake of MTX/MNPs into cells.[@b27-ijn-12-2793] Stability of MTX after 1 h incubation at 44°C was verified by high performance liquid chromatography routine analyses (data not shown).

Particle characterization (hydrodynamic diameter, zeta potential, and specific absorption rate \[SAR\])
-------------------------------------------------------------------------------------------------------

For all used MNP formulations, the hydrodynamic diameter and the zeta potential were determined using a Zetasizer Nano ZS and DTS1061 disposable capillary cells (both Malvern Instruments GmbH, Germany). The hydrodynamic diameter (*z*-average) was measured in quintuplicates by dynamic light scattering, and the zeta potential (ζ-potential), representing the particle's surface charge, was measured in triplicates.

The SAR of the used MNPs was determined as described elsewhere using an AMF (H =15.4 kA/m, f =435 kHz).[@b11-ijn-12-2793],[@b28-ijn-12-2793] For this purpose, temperatures were acquired by a fiber optic temperature sensor and a fiber optic thermometer (TS5 and FOTEMPMK-19, both OPTOCON AG, Germany), and the relevant iron concentrations were determined in triplicates by atomic absorption spectroscopy (AAS). The SAR of immobilized MNPs, as occurring after cellular internalization and/or binding, was measured after their immobilization in polyvinyl alcohol (PVA 10%, w/v, Sigma-Aldrich).[@b11-ijn-12-2793],[@b29-ijn-12-2793]--[@b31-ijn-12-2793] High resolution electron microscopy (HRTEM) pictures of MNPs were obtained as described elswere.[@b11-ijn-12-2793]

Quantification of intracellular iron content by AAS
---------------------------------------------------

The cellular uptake of either MTX/MNPs or MNPs was analyzed by AAS to estimate the impact of the MTX-functionalization on cellular internalization. At 24 h after cell seeding, 100 µg/mL of the either MTX/MNPs or MNPs were added to the cells and incubated for another 24, 48, or 72 h at 37°C and 5% CO~2~. The media were discarded and noninternalized particles were removed by washing thrice with Hanks' Salt Solution (HBSS, Biochrom GmbH, Germany). Cell numbers were determined using a CASY^®^ Cell Counter (Cell Counter + Analyser System Modell TT, innovates AG, CASY^®^-Technology, Germany). Afterward, the harvested cells were centrifuged (200× *g*, 5 min) thrice, with washing the pellet with HBSS in between.

Pellets were incubated with 32% HCl (v/v, extra pure, Carl Roth GmbH, Germany) at ambient temperature and mixed thoroughly to ensure complete sample dissociation. To remove proteins that may interfere with the iron determination, a protein precipitation step using 10% trichloroacetic acid (w/v, Carl Roth GmbH) was performed directly before measurement. Afterward, the resulting supernatant was carefully transferred to a fresh vial and used for iron determination via AAS using an AAS 5 FL spectrometer (Analytik Jena AG, Germany). Finally, the iron content of the sample was normalized to the counted number of cells.

In vitro hyperthermia and cytotoxicity assay
--------------------------------------------

To analyze the impact of nanochemothermia on cellular vitality, in vitro hyperthermia was performed and compared to the treatment with either MNPs/AMF, MTX/MNPs, or MNPs. Cells without further additives served as negative control. At 24 h after cell seeding, either MTX/MNPs, MNPs (both 100 µg/mL), or 25 µg/mL MTX (MTX/MNP-corresponding MTX concentration) were added to the cells. After another 24 h of incubation, noninternalized nanoparticles and MTX were removed from the cells by washing with HBSS and the cell number was determined. Cells were placed in an AMF (H =23.9 kA/m, f =410 kHz) in a water-perfused insulator and magnetically heated to a target temperature of 44°C for the duration of 1 h. Temperatures were controlled via fiber optic temperature sensors (TS5 and FOTEMPMK-19, Optocon AG) and adjusted by adapting the power of the AMF whenever necessary. Treatment groups without AMF were placed in an incubator at 37°C for the same period of time. Immediately after treatment, cells were seeded into 96-well plates, and the cellular viability was assessed after another 24- or 48-h incubation (corresponding to 2 or 3 d after nanoparticle addition) based on the mitochondrial dehydrogenase activity using AlamarBlue^®^ Cell Proliferation Reagent (Life Technologies, Germany) and a fluorescence plate reader (excitation/emission: 545 nm/590 nm, Tecan Infinite M1000 Pro, Tecan Group Ltd., Switzerland).

Murine xenografts and tumor implantation
----------------------------------------

All animal experiments were performed in accordance with international guidelines on the ethical use of animals and were approved by the regional animal care committee (Thüringer Landesamt für Verbraucherschutz, Bad Langensalza, Germany). Whenever necessary, animals were anesthetized using 2%--2.5% isoflurane (Aktavis, Germany). Tumors were induced subcutaneously (tumor take rate \>90%) by injecting 200 µL of Matrigel™ (BD Matrigel™ Basement Membrane Matrix; Becton Dickinson GmbH, Germany) containing 2×10^6^ T24 cancer cells dorsally between the hindlegs of 8- and 10-week-old male SCID (BALB/cJHanHsd-Prkdc; Harlan Laboratories, the Netherlands). Experiments started when the tumors reached a volume \>150 mm^3^ (\~14 d after injection). The tumor growth was controlled at least twice a week to ensure animal health. Tumor volumes were calculated using the following equation: $V = \frac{\pi}{6} \times \textit{length}_{\textit{tumor}} \times \textit{width}_{tumor} \times \textit{height}_{\text{tumor}}$.

Animal groups, nanoparticle application, and survey of intratumoral distribution
--------------------------------------------------------------------------------

Animals were divided (randomized) into five independent experimental groups. Group 1 (nanochemothermia, MTX/MNPs/AMF, n=8) received MTX/MNPs and was treated in an AMF for 60 min. Group 2 (thermal treatment, MNPs/AMF, n=10) received MNPs (without MTX) and additional AMF exposure in order to investigate the impact of the performed thermal treatment on tumor growth and protein expression alone. Group 3 received MTX/MNPs (n=13) to assess the influence of MTX coupled to nanoparticles on tumor destruction and protein regulation. Group 4 (n=13) received MNPs in order to control their role in the chemo-thermal effects. Groups 3 and 4 were not exposed to an AMF. Animals of Group 5 (negative control, n=6) remained untreated and served as negative control group.

At 24 h prior to AMF exposure (day −1), anesthetized animals of the appropriate treatment groups received an intratumoral injection of the corresponding nanoparticles (1 µg~Fe~/mm³~tumor~; [Figure 1A](#f1-ijn-12-2793){ref-type="fig"}). During nanoparticle injection, the cannula was slightly moved to improve particle distribution. The tumoral distribution of applied nanoparticles (MTX/MNPs or MNPs) was analyzed three-dimensionally (day 0) using a TomoScope^®^ Synergy Twin micro-computed tomography (CT) scanner and the ImpactCB software (both CT Imaging GmbH, Germany; \<200 mGy/scan, spatial resolution of 114 µm). The applied low radiation dose is expected not to influence the outcome of the performed study.[@b32-ijn-12-2793] 3D micro-CT data were analyzed via the Imalytics Research Software (Philips Technologie GmbH, Germany). Tumor growth was observed up to 28 d after AMF exposure (H =23.9 kA/m, f =410 kHz), whereas the tumors for Western blot analyses were explanted at 2, 24, or 48 h.

In vivo nanochemothermal therapy and CEM43T90 calculation
---------------------------------------------------------

For heat-based treatments (day 0), the anesthetized animals were exposed to an AMF (H =23.9 kA/m, f =410 kHz) at 24 h after nanoparticle application. To maintain body temperature and prevent hypothermia, animals were placed on a heat shell during treatment. Throughout the magnetic heating, tumor surface temperatures were monitored using an infrared thermography camera (InfRec R300, Nippon Avionics Co., Japan). In addition, the body temperature was monitored rectally via a fiber optic temperature sensor (TS5 and FOTEMPMK-19, Optocon AG). Tumoral temperatures were adjusted by adapting the power of the AMF to achieve target temperatures of 44°C at the tumor margins. As a result, central tumor temperatures of up to 50°C were reached. The experimental setup is depicted in [Figure 1B](#f1-ijn-12-2793){ref-type="fig"}.

To evaluate the quality of the tumoral heat distribution, the cumulative equivalent minutes representing 43°C in 90% of the tumor area (CEM43T90) were calculated from the heat map data gathered by the thermography camera.[@b10-ijn-12-2793],[@b33-ijn-12-2793] For this purpose, the heat maps of the treated tumor region were analyzed at every 10 min after the onset of the AMF, and the corresponding temperature data of every pixel were extracted. From the resulting data, the median CEM43T90 values were calculated for each animal and accordingly for each treatment group.

Analysis of tumor growth
------------------------

Observation of tumor growth started at the day of nanopar-ticle injection (day −1) and was followed up to 28 d for all treatment groups. For this purpose, the length, width, and height of the tumors were measured in vivo at least twice a week using a caliper. Tumor volumes were calculated with the aforementioned equation and normalized to values of day −1. The median tumor volume was calculated by calculating the median of all animals within a specific treatment group.

Detection of apoptotic cells of tumor sections
----------------------------------------------

At 48 h after AMF exposure, the apoptotic cells of tumor sections were stained by using formalin-fixed and paraffin embedded tumors and the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay (G7132, Promega) based on the manual of instruction. For this approach, tumor specimens were cut into sections (n=3). Slides were deparaffined in xylol and decreasing ethanol concentrations for rehydration. As positive control, slides were additionally treated with DNase I (Roche, Germany) prior to the addition of the TdT reaction mix or without the TdT reaction mix in the case of the negative control. Nuclei were stained with hematoxylin.

Extraction of tumor proteins
----------------------------

Tumors of sacrificed animals (2, 24, or 48 h after AMF exposure) were explanted, washed in ice-cold PBS, weighted, and subsequently shock-frozen with liquid nitrogen. Afterward, tumors were homogenized using a tissue lyser (TissueLyser, Qiagen GmbH, Germany), and the total protein was isolated by using radioimmunoprecipitation assay buffer (Sigma, USA) supplemented with protease- (cOmplete, Roche, USA) and phosphatase inhibitors (PhosSTOP, Roche, USA). After centrifugation (20,000× *g*, 20 min, 4°C), the protein concentration of the resulting supernatant was determined via Bradford method by measuring the absorption at 595 nm in a plate reader (Tecan Infinite M1000 Pro, Tecan Group Ltd.).

Protein expressions analyses
----------------------------

Protein regulation of tumors was analyzed at least in duplicates by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting. For this purpose, equal protein amounts of all tumors of a specific treatment group were pooled to consider biological and therapeutic diversity. To ensure homogenous protein loading, protein amount of generated pool was measured by Bradford method in triplicates within three independent experiments. Gels (7.5% or 4%--20%, Mini-Protean^®^ TGX™ Gels, Bio-Rad Laboratories Inc., Hercules, CA, USA) were loaded with 30 µg of the appropriate pooled protein lysate mixed with SDS loading buffer (2× Laemmli Sample Buffer, Bio-Rad Laboratories Inc.). Afterward, proteins were transferred to a polyvinylidene difluoride membrane (Immobilon^®^-P, EMD Millipore Corporation, Billerica, MA, USA) by tank blotting. Blotted membranes were blocked for 1 h at ambient temperature with either 5% dry milk (Carl Roth GmbH) or 5% bovine serum albumin (Albumin Fraction V, Carl Roth GmbH) in Tris-buffered saline supplemented with 0.1% Tween-20 (TBST). Whenever required, TBST was used as washing buffer. Membranes were incubated (overnight, 4°C, mild shaking) with antibodies against proteins involved in apoptosis (p-p53, p21, pro-caspase 8, pro-caspase 3, cleaved PARP), survival (p-Erk1/2, Akt, BCL2, Mcl-1~L~, HSP70, HSP90), angiogenesis (Hif-1α, VEGF, VEGF-R1, MMP2, MMP9), and cell cycle (cyclin A, cyclin E), diluted in blocking buffer. GAPDH served as a loading control. Membranes were incubated (60 min, ambient temperature, mild shaking) with the appropriate horse radish peroxidase (HRP)-coupled secondary antibody against rabbit (sc-2030) (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) or mouse (sc-2031; 61-6420) (Santa Cruz Biotechnology, Inc.; Invitrogen Corporation, USA). Protein detection was performed using ECL chemoluminescent substrate (EMD Millipore Corporation) and a digital imaging system (ImageQuant LAS 4000, GE Healthcare Europe GmbH, Germany).

Results
=======

Particle characterization
-------------------------

The diameters and the polydispersity indices of MTX/MNPs and MNPs were almost comparable between each other, indicating no remarkable influence of the coupling process on particle size and good particle dispersion in aqueous media. At the same time, the coupling of MTX resulted in a slightly more positive ζ-potential of MTX/MNPs compared to MNPs ([Figure 2A](#f2-ijn-12-2793){ref-type="fig"}). HRTEM images ([Figure 2B](#f2-ijn-12-2793){ref-type="fig"}) revealed irregularly clustered multicore particles, exhibiting multiple smaller single core particles, and confirmed the data given by the manufacturer (165--175 nm). The SAR of free (water) and immobilized MNPs was calculated to be 985 or 705 W/g, respectively ([Figure 2C](#f2-ijn-12-2793){ref-type="fig"}). The coupling efficiency was calculated to bb \~250 µg MTX per mg MNP. MTX-coupling to MNPs was found to be very stable (even at different temperatures), because \<0.1% of the MNP-bound MTX was released from the particles in either physiological (pH 7.4) or acidic (pH 5) conditions up to 72 h of incubation ([Figure S1](#SD1-ijn-12-2793){ref-type="supplementary-material"}).

Preferential and time-dependent uptake of MTX/MNPs in T24 cells
---------------------------------------------------------------

Cellular iron quantification by AAS showed an effective MTX-functionalization- and a time-dependent uptake of nanoparticles in T24 cells ([Figure 3](#f3-ijn-12-2793){ref-type="fig"}). In this regard, the uptake of MTX/MNPs was always significantly (*P*≤0.01) higher than the uptake of MNPs. The cellular iron concentration after MTX/MNP incubation increased only marginally between 24 and 48 h, but significantly after 72 h (*P*≤0.05; compared to 24 or 48 h). Concurrently, higher amounts of MNPs were found with increasing time of incubation.

The magnetic heating of MTX/MNPs is suitable for nanochemothermal treatment
---------------------------------------------------------------------------

In general, the produced MTX/MNPs were evaluated to be capable of inducing nanochemothermal treatments in vitro. During in vitro hyperthermia experiments, microscopic images of the cells acquired directly before cell harvest were in accordance with the performed AAS measurements ([Figure 4A](#f4-ijn-12-2793){ref-type="fig"}). Subsequently, a changed cellular morphology in the MTX group was observed. Throughout AMF exposure, higher temperatures in the case of MTX/MNPs compared to MNPs (44°C vs 39°C) were achieved ([Figure 4B](#f4-ijn-12-2793){ref-type="fig"}). Cells without any MNPs (MTX, negative control) were only heated to \~38°C. The highest cytotoxic effect was observed after the nanochemothermal treatment (MTX/MNPs/AMF group; [Figure 4C](#f4-ijn-12-2793){ref-type="fig"}) with increasing incubation time. In contrast, a slight recovery (\~5%) was found in the MNPs/AMF group at 3 d after MNP addition. Interestingly, the MTX/MNP group (in the absence of AMF) revealed similar toxicities as observed for the MTX group (independent of the presence of an AMF) at corresponding incubation times. For both points in time, the MNP group was almost comparable to the untreated control group, revealing a low cytotoxicity of the used MNP concentration itself.

Inhomogeneous nanoparticle distribution after intratumoral application
----------------------------------------------------------------------

A heterogenic distribution of the intratumorally injected MNPs was found by micro-CT imaging ([Figure 5](#f5-ijn-12-2793){ref-type="fig"}). At the same time, smaller depositions throughout the whole tumor region were detected. Based on the provided micro-CT data of nanoparticle distribution, the unspecific heating of non-tumor tissue or vital organs could be minimized.

Faster destruction of tumors after nanochemothermal treatment
-------------------------------------------------------------

The application of the nanochemothermal treatment (MTX/MNPs/AMF) led to a complete destruction of tumors within 12 d after treatment ([Figure 6](#f6-ijn-12-2793){ref-type="fig"}). In comparison, a remarkably slower tumor destruction (within 18 d) was observed after the thermal treatment (MNPs/AMF). These groups showed no relapsing tumors throughout the observation time. Although temperatures of \~44°C were achieved at the tumor margins during AMF exposure, temperatures up to 50°C were reached at the tumor center. The median CEM43T90 for the nanochemothermal group and the thermal group was calculated to values of 122 and 155 min, respectively. A steadily increasing tumor growth was found in the absence of AMF exposure. After 28 d, the highest tumor volumes were observed in the negative control group (native tumors), followed by the MTX/MNP and the MNP group.

The induction of apoptosis manifested in the inhibition of tumor growth
-----------------------------------------------------------------------

The highest amount of apoptotic cells was detected after nanochemothermia, followed by the thermal treatment ([Figure 7](#f7-ijn-12-2793){ref-type="fig"}). A diffuse TUNEL-positive staining was especially present in the cytoplasm of AMF-treated tumors. Interestingly, almost no apoptotic cells were observed in groups without AMF exposure (MTX/MNPs, MNPs, negative control), correlating with the observed insufficiency of inhibiting tumor growth.

Nanochemothermia reduces tumor growth by interfering with a broad spectrum of proteins relevant for apoptosis, survival, angiogenesis, and cell cycle
-----------------------------------------------------------------------------------------------------------------------------------------------------

The application of the nanochemothermal treatment resulted in a remarkable downregulation of a broad spectrum of investigated proteins compared to the untreated controls ([Figure 8](#f8-ijn-12-2793){ref-type="fig"}). At the same time, the nanochemothermal and the thermal treatment showed a comparable protein expression pattern. Interestingly, the application of MTX/MNPs in the absence of magnetic heating led to an induction of many of the investigated proteins. At the same time, the application of MNPs per se had a protein-dependent influence on protein expression.

### Apoptosis

Nanochemothermia (MTX/MNPs/AMF), generally, decreased the presence of the apoptotic proteins p-p53, p21, pro-caspase 8, whereas pro-caspase 3 was downregulated in a time-dependent manner. Interestingly, cleaved PARP revealed an increased expression at 2 h posttreatment but also strongly decreased at later points in time. The observed destruction of proteins was assigned to the thermal treatment per se, because tumors of the thermal therapy group (MNPs/AMF) showed an almost comparable apoptotic protein expression pattern to nanochemothermia. These effects were not encountered when treating tumors with MTX/MNPs alone: the MTX/MNP group revealed tumors with a rather increased expression of apoptotic proteins compared to native tumors. Hereto, the presence of the MNPs per se had a minor effect, because tumors of the MNP group had an almost inconspicuous apoptotic protein expression (compared to native tumors).

### Cellular survival

Nanochemothermia remarkably reduced p-ERK1/2 in a time-dependent manner, whereas the Akt, BCL2, and Mcl-1~L~ expression was (almost) abolished. Concurrently, it had only a minor effect on HSP70 but remarkably reduced HSP90. In comparison, the thermal treatment per se revealed similar effects, although a retarded reduction of p-ERK1/2, and a time-dependent reduction of HSP70 and HSP90 were found. In contrast, MTX/MNPs had different effects on the expression of survival proteins than nanochemothermia. In this regard, p-ERK1/2, BCL2, and HSP70 were (slightly) increased in comparison to the untreated controls, whereas the expression of Akt and HSP90 remained almost unaltered. Moreover, Mcl1 was reduced and HSP70 remarkably increased. The application of MNPs alone had a heterogenic influence on the protein expression compared to the untreated control tumors with a similar expression pattern for BCL2 and HSP90, a recovering expression pattern for p-ERK1/2, Akt, and Mcl-1~L~, and elevated levels for HSP70.

### Angiogenesis

After nanochemothermia, a time-dependent increase of the Hif-1α levels was found. At the same time, the VEGF expression remained unchanged, whereas the expression levels of VEGF-R1 were slightly reduced compared to untreated tumors. Moreover, MMP2 and MMP9 levels were remarkably reduced. In comparison to nanochemothermia, the thermal treatment per se led to a fast but transient increase of Hif-1α. Although the effect on the expression of VEGF and VEGF-R1 was slightly more pronounced in the thermal group, both seemed to recover over time. The expression of MMP2 was remarkably reduced, whereas the MMP9 expression distinctly recovered at later points in time. The monomodal MTX/MNP group had a different expression pattern compared to the nanochemothermia group. Almost no effects on Hif-1α and increased VEGF and VEGF-R1 levels were observed. MMP2 was remarkably upregulated in a time-dependent manner, whereas MMP9 was similar as in the nanochemothermia group. The application of MNPs alone did not distinctly change the expression of Hif-1α, VEGF, and VEGF-R1, but increased MMP2 and decreased MMP9 expression.

### Cell cycle

The most remarkable and time-dependent downregulation of cyclin A and cyclin E was detected after nanochemothermia. An almost comparable pattern was observed for the thermal treatment. MTX/MNP treatment revealed a strong and transient reduction of cyclin A, whereas cyclin E was remarkably upregulated. The presence of MNPs per se had a moderate effect on cyclin A downregulation and cyclin E upregulation.

Discussion
==========

The present investigation showed the feasibility of the generated MTX/MNPs for nanochemothermal treatments based on their suitable physicochemical properties and their favorable cellular interaction. Moreover, a complete and relapse-free destruction of tumors, which was remarkably faster after the performed nanochemothermal treatment compared to the thermal treatment alone, was observed within the observation time, whereas a steady increase of the tumor volume was observed after the application of either MTX/MNPs or MNPs and the negative therapy control group. At the same time, no severe side-effects on the animal's health (eg, body weight, activity, overall appearance) were observed.

We found a remarkably increased uptake of MTX/MNPs compared to MNPs which was only MTX-functionalization dependent as the zeta potential and the hydrodynamic diameter -- known to be the main defining characteristics for the fate of particles in vitro and in vivo -- were almost equal for both particle formulations. Hence, we hypothesized that the MTX-dependent internalization can well be attributed to a receptor-mediated endocytosis by folate receptors, because T24 cells were reported to exhibit a high expression of these MTX-internalizing receptors due to their high metabolic and proliferative activity.[@b20-ijn-12-2793] As the uptake of native MNPs was negligible in comparison to the internalization of MTX/MNPs, it is reasonable that the measured iron content in the MTX/MNP group must be related to an internalization of MTX/MNPs rather than to the native MNPs.

Interestingly, a comparable cytotoxicity of MTX/MNPs (without AMF) and free MTX was observed, suggesting that the coupling of MTX to the used MNPs did not negatively influence its cytotoxic potential. Moreover, these results indicated a comparable uptake of MTX/MNPs and free MTX, as MTX performs its cytotoxic action intracellularly.[@b19-ijn-12-2793],[@b34-ijn-12-2793]

During the AMF exposure throughout the in vitro hyperthermia experiments, the increased uptake of MTX/MNPs correlated with higher temperatures compared to marginally incorporated MNPs, whereas cells without any MNPs (MTX, control) were not heated. Achieving 44°C during in vitro experiments demonstrated the sufficiency of cellular uptake and SAR to eradicate cells with the used MTX/MNPs and field parameters.

A low MTX desorption from the particle surface was revealed by release kinetic experiments (data not shown).[@b20-ijn-12-2793] In combination with the observed high internalization of MTX/MNPs, these results point out the suitability of MTX/MNPs for a tumor-localized nanochemothermal treatment with a low MTX diffusion after intratumoral MTX/MNP application, resulting in a minimization of cellular adaptability toward emerging cellular stress. For a systemic application, \~500 mg/m^2^ MTX is administered intravenously.[@b35-ijn-12-2793] In contrast, only \~22 mg/m^2^ MTX is used within our study and applied directly to the tumor region. Therefore, a high biosafety is expected and the systemic burden is hypothesized to be considerably lower after the utilization of MTX/MNPs. Moreover, especially nanoparticles with a hydrodynamic diameter \>200 nm that reach the systemic circulation are known to be cleared rapidly from the bloodstream by the MPS (predominantly by the liver and spleen) and metabolized afterward.[@b36-ijn-12-2793] Although the metabolization of nanoparticles is not fully understood, particularly iron oxide nanoparticles are expectedly degraded in late endosomes/lysosomes to atomic iron and used for cellular processes (eg, Fenton reaction).[@b37-ijn-12-2793]

Nanochemothermia inhibits tumor growth by regulating key proteins of apoptosis, cellular survival, angiogenesis, and cell cycle
-------------------------------------------------------------------------------------------------------------------------------

The superiority of the preformed nanochemothermia compared to the thermal treatment manifested in the fastest (and relapse-free) destruction of tumors at lower CEM43T90 values. This higher therapy efficiency at lower treatment temperatures is especially advantageous in tumor areas where the target temperature cannot be homogeneously achieved due to an inhomogeneous distribution of the applied MTX/MNPs. With regard to the amount of nanoparticles needed to achieve a defined temperature increase in tumors, both density and distribution are important. More detailed studies are needed to further clarify this aspect. Moreover, a tumor-localized persistence (up to 28 d) of applied MTX/MNPs was observed by immunohistochemistry ([Figure S2](#SD2-ijn-12-2793){ref-type="supplementary-material"}), allowing a continuous and localized chemotherapy by the MNP-bound MTX, fostering tumor destruction in the nanochemothermia group. TUNEL assays revealed a remarkable increase of apoptotic cells after the nanochemothermal treatment in comparison to the thermal treatment alone. It is worth mentioning that a diffuse TUNEL-positive staining of the cytoplasm was only present after heating in AMF-treated tumors, reflecting an additional labeling of remarkably fragmented RNA (likely by the applied heat) due to the labeling of 3′-OH termini after the breakage of nucleic acids.[@b38-ijn-12-2793] The sole AMF treatment has no impact on therapy outcome as it does not result in the unspecific heating of tissue, in particular, because much lower magnetic field amplitudes and frequencies are used compared to MRI. By reaching temperatures up to 50°C during the performed in vivo experiments, the observed remarkable tumor destruction in both heat-based treatments was hypothesized to be connected to the regulation and/or destruction of key proteins involved in apoptosis, cell survival, angiogenesis, and cell cycle. At the same time, tumor vasculature was highly likely destructed leading to an impaired supply of the tumor with nutrition (eg, oxygen).

Impairment of apoptotic signaling
---------------------------------

The presented data of active (phosphorylated) p53 (p-p53) reveled its marginal impact on the superior reduction of tumor volumes of the nanochemothermal treatment compared to the thermal treatment itself. Due to a mutation of p53 (in-frame deletion at Tyr126) in T24 cells, p53 is only expressed at low levels and mainly in its active state.[@b38-ijn-12-2793]--[@b40-ijn-12-2793] Hence, only a low expression of p-p53 was observed in the treatment group and in the control groups, whereas unphosphorylated (inactive) p53 was abundant in any group. We hypothesized, that the destruction of the mutated p53 contributed to tumor destruction in the nanochemothermal and the thermal group, because p53-deficient cells were reported to undergo a transient cell cycle arrest followed by apoptosis or mitotic catastrophe.[@b2-ijn-12-2793],[@b41-ijn-12-2793]--[@b43-ijn-12-2793] Furthermore, both treatments have the capability to reduce the p53 mutation-based insensitivity of T24 cells toward radiation and the frequent tumor relapse and poor prognosis in bladder cancer. In contrast, the observed slightly higher p-p53 level after MTX/MNP treatment can be explained by the capability of MTX to induce p53 signaling, but confirmed the insufficiency of MTX as monomodal therapy to reduce tumor growth.[@b22-ijn-12-2793]

Like p53, p21 did not contribute to the superior efficacy of nanochemothermia compared to the thermal therapy, as a similar, only heat-dependent reduction of protein expression was detected for both groups. Although the reported induction of p21 by MTX could be confirmed (MTX/MNP group), only marginal levels of p21 were detectable after nanochemothermal and thermal treatment, indicating a heat-dependent destruction of p21 or its precursor p53.[@b22-ijn-12-2793],[@b44-ijn-12-2793],[@b45-ijn-12-2793] As the tumor suppressive ability of p21 is mainly assigned to a cell cycle arrest, an impairment or destruction of p21 may hinder cellular growth arrest and senescence.[@b44-ijn-12-2793]--[@b47-ijn-12-2793] Nevertheless, p21 signaling of T24 cells is already impaired (also due to mutated p53) and its cytosolic accumulation was connected to cell cycle progression and cell growth, indicating an onco-genic action of p21.[@b48-ijn-12-2793]--[@b50-ijn-12-2793] Though a destruction of p21 is not preferential, the destruction of overexpressed p21 or impaired p21 signaling may contributed to tumor therapy and probably accounted to the remarkable tumor destruction after the nanochemothermal and thermal treatment. Again, the MTX-dependent induction of p21 in the MTX/MNP group did not manifest in remarkable tumor destruction, demonstrating the insufficiency of MTX as monomodal cancer treatment.

No major contribution of pro-caspase 8 (precursor of initiator caspase 8) on the enhanced tumor destruction of the nanochemothermal treatment compared to the thermal treatment could be detected as no pro-caspase 8 expression was observed for both groups. As a fast and strong increase of pro-caspase 8 in the MTX/MNP group was observed (whereas MNPs alone had no influence), the absence of pro-caspase 8 can rather be attributed to its heat-based destruction than to its cleavage to active caspase 8.

At the same time, reduced levels of pro-caspase 3 (precursor of executioner/initiator caspase 3) were also observed after the nanochemothermal and the thermal treatment of tumors, indicating no distinct contribution of this enzyme to the superior destruction of tumors of the first mentioned group. Moreover, MTX/MNPs (and MNPs) did not remarkably influence the expression of pro-caspase 3 and were almost comparable to untreated control, suggesting a heat-dependent destruction of pro-caspase 3.

Our data on the expression of both pro-caspases indicated that apoptosis might well be executed at very early points in time in the nanochemothermal and the thermal group through the intrinsic pathway (eg, caspase 9, caspase 3) in response to cellular stress. The reduced (but not abundant) pro-caspase 3 level suggests a cleavage of pro-caspase 3 to caspase 3 with a concurrent absence of caspase 8. It is worth mentioning that an overexpression of pro-caspases has been associated with several types of cancer, including renal, breast, and lung cancer, as under apoptotic conditions pro-caspases are cleaved to active (cleaved-) caspases.[@b51-ijn-12-2793] In these cases, their downregulation/destruction via nanochemothermia may be beneficial as cancer therapy. Although a reduced level of pro-caspases is thought to correlate with an increase of functionally active caspases, their reduced presence may be caused by the destruction/denaturation of proteins due to the applied heat rather than their activation.

Interestingly, higher levels of cleaved PARP at 2 h posttreatment were found in the nanochemothermia group, corresponding to its superior feasibility to inactivate tumors. Generally, the expression pattern of cleaved PARP is genuine, because 1) it corresponded to the pattern observed for pro-caspase 3 and 2) the effector caspase 3 has a central but not exclusive role in the apoptotic processing as it is primarily responsible for PARP-cleavage during apoptosis.[@b52-ijn-12-2793],[@b53-ijn-12-2793] In this regard, the reduced pro-caspase 3 level at 2 h after chemothermia (compared to the untreated control) most likely indicated the conversion into (active) caspase 3, resulting in an increased PARP cleavage.

It is worth mentioning that the levels of cleaved PARP were remarkably reduced in a time-dependent manner after the nanochemothermal and the thermal treatment, in contrast with the results of the TUNEL assay at 48 h. One possible explanation for this observation may be related to the heat-dependent induction of DNA damage and the concomitant destruction of proteins involved in DNA repair (eg, PARP). Hence, the cells were not able to repair the induced DNA damage, leading to an endured positive TUNEL staining with a concomitant absence of PARP (and therefore cPARP).

Based on the higher cytotoxicity of MTX/MNPs (MTX/MNP group), the higher cleaved PARP levels after nanochemothermia in comparison to thermal treatment alone were not surprising. Moreover, the observed tumor growth in the MTX/MNP group confirmed (again) the insufficiency of this treatment in reducing tumor growth.

Taken together, the presented expression data of proapoptotic and tumor suppressive proteins suggested that especially the increase of cleaved PARP after the nanochemothermal treatment manifested in a higher reduction of the tumor volume at later points in time in this particular group. Nonetheless, the presence of concomitant processes, such as necrosis and mitotic catastrophe, most likely supported the observed tumor destructive effect. Although the utilization of MTX/MNPs as monovalent treatment was shown to induce a variety of proapoptotic signaling pathways, it was insufficient to remarkably reduce tumor growth.

Impairment of cellular survival signaling
-----------------------------------------

Concerning the investigated proteins that are involved in cellular survival, especially the serine/threonine protein kinase p-ERK1/2 was found to be most remarkably down-regulated after nanochemothermia and correlated with the superior therapy efficacy compared to the thermal treatment. As the expression of ERK1/2 is associated with crucial cellular programs, including proliferation, differentiation, motility, and cell death as well as the suppression of caspase cascades (independent of p53 signaling) and the enhancement of the transcriptional activity of angiogenic Hif-1α, its impairment is suggested to be particularly important in cancer treatments.[@b54-ijn-12-2793],[@b55-ijn-12-2793] Particularly p-Erk2 was remarkably downregulated after nanochemothermal treatment. We hypothesize that p-Erk2 reduction contributed to the better outcome of nanochemothermia as Erk2 has been described to be associated with cellular proliferation.[@b56-ijn-12-2793]

In contrast, no influence on the observed increased tumor destruction of the nanochemothermal compared to the thermal treatment could be assigned to the serine/threonine kinase p-Akt, as it was almost equally downregulated after both treatments. Subsequently, it was comparable to the untreated negative control in the absence of heat (MTX/MNPs and MNPs) indicating a heat-dependent impairment of p-Akt. As part of PI3K signaling, Akt is a regulator of a variety of critical steps including cell survival, growth, proliferation, and migration and is altered at high frequency in bladder cancer.[@b57-ijn-12-2793]--[@b60-ijn-12-2793] Furthermore, Akt is crucial in VEGF-mediated angiogenesis.[@b61-ijn-12-2793]--[@b63-ijn-12-2793] Although it was reported that a single-agent targeted PI3K cancer therapy may not be successful, we could successfully show the ability of nanochemothermia to remarkably downregulate Akt signaling and display its feasibility as a beneficial tool in cancer treatment.[@b57-ijn-12-2793]

Comparable to p-Akt, BCL2 was found equally down-regulated after nanochemothermia and the thermal treatment. Therefore, this protein also did not contribute to the observed superior tumor destruction after nanochemothermal treatment. Although BCL2 can be activated by Akt and/or Erk1/2 signaling, the remarkable downregulation and the comparable expression pattern after the application of heat were assigned rather to a direct heat-dependent destruction of BCL2 than to the observed expression pattern of Akt and Erk1/2. As an overexpression of oncogenic BCL2 has been associated with numerous cancers including melanoma, breast, prostate, lung, and leukemia, we hypothesized that the heat-based decrease of BCL2 levels indicates an impaired cellular survival and most likely contributed to the destruction of T24 bladder tumors.[@b64-ijn-12-2793],[@b65-ijn-12-2793]

The expression of Mcl-1~L~, the long isoform of Mcl-1, was remarkably downregulated after heating, and therefore, did not contribute to the superior tumor destruction of the nanochemothermal compared to the thermal therapy. Due to its ability to inhibit apoptosis and enhance cellular survival, elevated Mcl-1~L~ levels contribute to chemoresistance and are associated with poor prognosis in oral cancer.[@b66-ijn-12-2793],[@b67-ijn-12-2793] Nanochemothermia and thermal treatment led to a reduction of Mcl-1~L~ by a direct and heat-mediated destruction of Mcl-1~L~ and/or by the knockdown of Akt-signaling, and therefore, retaliate tumor growth by reducing cellular survival. Although MTX/MNPs were able to slightly reduce Mcl-1~L~ signaling, its reduced expression did not manifest in a remarkably reduced tumor growth.

A comparable HSP70 expression after magnetic heating and the untreated negative control was observed, indicating only a minor impact on the enhanced performance of the nanochemothermal compared to the thermal treatment. Although this finding was in accordance with an earlier publication analyzing the HSP70 expression at 2 h after the short-term application of magnetic heating, this study demonstrated the persistence of HSP70 levels up to 48 h.[@b17-ijn-12-2793] Due to its chaperon function, HSP70 was reported to be upregulated upon cellular stress as caused by heat or toxic stimuli.[@b68-ijn-12-2793],[@b69-ijn-12-2793] Therefore, the instant elevation of HSP70 in the MTX/MNP group and the time-dependent upregulation in the MNP group were hypothesized to be based on the application of MTX/MNPs or MNPs which probably were recognized as toxic stimuli. This assumption was additionally confirmed by the fact that the application of higher cytotoxic MTX/MNPs caused a faster increase of HSP70. These observations exemplify the insufficiency of the utilization of MTX/MNPs as mono-modal cancer treatment, correlating with the observed tumor progression. Interestingly, the remarkable upregulation of HSP70 after MTX/MNP and MNP treatment was prevented by magnetic heating. We concluded that, in contrast to MTX/MNPs, both heat-based treatments (nanochemothermia and thermal treatment) were able to reduce the HSP70 level to the level of the untreated control, and therefore, supported tumor destruction by preventing the stabilization or expression of tumor-associated proteins and the apoptosome formation.

For HSP90, a comparable downregulation after nanochemothermia and thermal treatment was found, indicating no impact of HSP90 on the superior tumor destruction of the aforementioned treatment regime. Moreover, neither the application of MTX/MNPs nor MNPs influenced HSP90 expression. We, therefore, conclude that the applied temperatures were sufficient to destroy HSP90 and that they successfully prevented the HSP90-related protein stabilization. By this, antiapoptotic proteins were also destroyed, resulting in a decreased cellular survival. In addition, we hypothesized a heat-based reduction of tumor growth related to a remarkable impairment of the vascular tone and consequently a deficiency of tumor nutrition. HSP90 is reported as binding partner and scaffolding protein involved in the activation of endothelial nitric oxide synthase by Akt after VEGF stimulation, and therefore, has protective function in the cardiovascular system.[@b62-ijn-12-2793],[@b70-ijn-12-2793]

Taken together, the presented results of key proteins involved with tumor cell survival clearly demonstrated their heat-based impairment and destruction, whereas especially the impairment of p-Erk1/2 seems to be responsible for the superior outcome of the performed nanochemothermal treatment compared to the thermal treatment alone. Interestingly, the applied MTX/MNPs partly led to a strong induction of survival signaling, manifesting in tumor growth rather than its destruction.

Impairment of angiogenic signaling
----------------------------------

We observed a superior tumor destruction of the nanochemothermia compared to the thermal treatment with increasing Hif-1α levels after the first mentioned and decreasing Hif-1α levels after the latter mentioned treatment. As both modalities differ only in the utilization of MTX/MNPs instead of MNPs, this effect was associated to the combined application of MTX and magnetic heat.

Hif-1α is a crucial regulator of cellular developmental response to hypoxia, and therefore, heavily implicated in cancer biology, due to its involvement in vascularization and angiogenesis, energy metabolism, cell survival, and tumor invasion.[@b55-ijn-12-2793],[@b71-ijn-12-2793]--[@b76-ijn-12-2793] Based on the assumption that elevated Hif-1α levels correlate with an elevated tumoral hypoxia, we prognosed a stronger (and longer-lasting) destruction of blood vessels after nanochemothermia compared to thermal treatment.

Interestingly, the expression of downstream targets, involved in the formation of new blood vessels (eg, Erk1/2, VEGF, and MMPs), was not found to be increased, demonstrating the feasibility of nanochemothermia to successfully prevent proangiogenic signaling and inhibit tumor growth.

In this context, the expression of VEGF after nanochemothermia and the thermal treatment was comparable to the untreated control and therefore not responsible for the enhanced tumor destruction of the combinatory nanochemothermal treatment regime. As VEGF expression is associated with a poor prognosis in different cancers (eg, bladder and breast) and increases with an advanced pathologic stage in bladder cancer, VEGF and its receptors are important targets in cancer therapies (eg, bevacizumab, sunitinib, and sorafinib).[@b77-ijn-12-2793] In this regard, nanochemothermia prevented the Hif-1α-dependent upregulation of VEGF and therefore presumably led to a shortage of tumor nutrition and a destruction of the tumor, although it was not able to abolish VEGF expression.

Like VEGF, the data of VEGF-R1 expression revealed no indication for the superior outcome of nanochemothermia in comparison to the applied thermal treatment, since a comparable and time-dependent downregulation and/or destruction of VEGF-R1 was observed for both treatments. As the VEGF-R1 is involved in critical signaling pathways in endothelial cells, vascular development, and hematopoiesis, a reduction of VEGF-R1 was reported to lead to the formation of abnormal and nonfunctional vessels.[@b78-ijn-12-2793]--[@b81-ijn-12-2793] Therefore, an inhibition of this receptor is suggested as suitable target in tumor therapy. Nevertheless, several clinical trials and xenograft models described a resistance to antiangiogenic therapies.[@b82-ijn-12-2793]--[@b84-ijn-12-2793] We found a slight upregulation of VEGF-R1 in the MTX/MNP group, indicating the insufficiency of this treatment to impair VEGF-R1 expression and inhibit tumor growth. In contrast, our results clearly revealed a downregulation of the VEGF-R1 expression, demonstrating the great potential of the performed nanochemothermal treatment to impair VEGF-R1-dependent angiogenic signaling and inhibit tumor growth independent of the expression of Hif-1α.

Within the present investigation, we found a comparable downregulation of MMP2 after nanochemothermia and thermal therapy, whereas a remarkable and time-dependent induction was observed after MTX/MNP treatment. Therefore, MMP2 was not responsible for the preferential tumor destruction of the nanochemothermal therapy compared to the thermal treatment. Nevertheless, its reduction after both heat treatments contributed to tumor destruction, whereas its upregulation after MTX/MNP treatment is rather detrimental and supported tumorigenesis.

In contrast to MMP2, the MMP9 protein expression contributed to the observed superior tumor destruction after the chemothermal treatment, as its expression was remarkably downregulated after nanochemothermia, but recovered after the thermal treatment over time. Although the MMP9 level was distinctly reduced in the MTX/MNP group to levels of the nanochemothermal and thermal treatment groups, the application of MTX/MNPs alone did not remarkably inhibit tumor growth.

Interestingly, MMPs have, generally, been described as suitable targets in cancer treatments due to an involvement in central tumor-associated processes including angiogenesis (eg, mobilization of VEGF), apoptosis, proliferation, invasion, and metastasis, but performed poorly in clinical trials and have shown a high toxicity.[@b85-ijn-12-2793]--[@b90-ijn-12-2793] Here, we could show the capability of nanochemothermia to remarkably downregulate MMP2 and MMP9 in a tumor-localized manner with a minimal influence on animal's health (weight, blood count).

Based on the presented results, we could clearly demonstrate the suitability of the performed nanochemothermal therapy for the destruction/regulation of key proteins involved in angiogenic signaling and metastasis, as elevated Hif-1α levels suggested an increased destruction of tumor vasculature (hypoxic regions) with a subsequent inhibition of proangiogenic proteins and prometastatic proteins. The applied MTX/MNPs alone were highly likely insufficient to inhibit angiogenic and metastatic proteins, manifesting in an impaired suppression of tumor growth.

Impairment of cell cycle progression
------------------------------------

The superior outcome of tumor reduction after the nanochemothermal treatment compared to the thermal treatment alone likely resulted from the higher reduction of cyclin A after nanochemothermia, as cyclin A is involved in G2/M transition and its absence suggested a G2 block of the cell cycle. Interestingly, the application of MTX/MNPs initially reduced the cyclin A levels to the same extent but recovered over time, revealing the insufficiency of this monomodal treatment to successfully hinder cell cycle progression. In contrast, high cyclin A levels of untreated negative control tumors indicated a fast G2/M transition, leading to the accumulation of cells in the M phase, and confirmed the high proliferative activity of T24 tumors.

Cyclin E (G1/S transition) was more strongly decreased after nanochemothermia than by the thermal treatment, contributing the observed superior tumor destruction after the first mentioned treatment. The utilization of MTX/MNPs alone strongly induced the expression of cyclin E, and therefore, rather supported tumor formation and proliferation.

As T24 tumors are highly proliferative, the combination of the observed high cyclin A (G2/M transition) expression and low cyclin E (G1/S transition) levels suggested the accumulation of the majority of cells in M rather than S phase of the cell cycle. In this regard, it was reported that an overexpression of either cyclin A or cyclin E results in a decrease of G1 cells in a cycling cell population, and that elevated levels of cyclin E were associated with an increased cell proliferation in a variety of cancer types including bladder, breast, and colon.[@b45-ijn-12-2793],[@b91-ijn-12-2793],[@b92-ijn-12-2793] The combined reduction of cyclin A and cyclin E levels, especially by nanochemothermia, suggested an impairment of the cell cycle at multiple phases resulting in a G1 and/or G2 block, and therefore, contributed to tumor destruction and the preferential outcome of this treatment. In contrast, the application of MTX/MNPs seemed to stimulate cell cycle progression, and therefore, contributed to proliferation and tumor growth. Although the observed reduced tumor destructive effect of MTX/MNPs in comparison to MNPs is not fully explainable, protein analyses suggested a more unfavorable expression pattern (eg, elevated p-ERK1/2, BCL-2, VEGF, and MMP2) after MTX/MNP treatment, resulting in a progression of cell cycle as indicated, for example, by cyclin A.

Prospect
--------

With consideration of the clinical situation, the generated MTX/MNPs could prospectively be endoscopically applied into the tumor area of the bladder before the transurethral resection of bladder tumors (TURBTs) and heated by the utilization of a small AMF inductor (eg, minimal-invasively). By this additional nanochemothermal approach, tumor areas that would have been not completely removed (and overlooked) by TURBT (because TURBT exhibits the risk of understaging tumors and a high risk of residual tumor) can be treated long-lasting and repeatedly with nanochemothermia.[@b93-ijn-12-2793] In contrast to "only" physically removing the tumor by TURBT, the application of nanochemothermia impairs the expression of fundamental tumor proteins (eg, with implications in angiogenesis). Therefore, nanochemothermia provides a huge potential during the treatment of bladder cancer as nanochemothermia can additionally be performed in order to induce apoptosis and impair angiogenesis, before "physical" removal of the tumor by TURBT. Hence, the nanochemothermal treatment may increase the efficiency of TURB.

Conclusion
==========

The present investigation clearly demonstrates the superior potential of nanochemotherapy over the monomodal thermal treatment. It led to a localized and relapse-free destruction of T24 bladder tumors with a high biocompatibility as indicated by the animal's body weight, activity, and overall appearance. The superior effect of nanochemothermia was specially attributed to an increased uptake of MTX/MNPs into tumor cells and an impairment of proapoptotic signaling (eg, p53, p21), cell survival (eg, pERK1/2), and cell cycle (eg, cyclin) pathways, and to the distinct effects of heat shock proteins (eg, HSP70, HSP90) after exposure to heating. With regard to angiogenesis, nanochemothermia decreased, for example, VEGF-R1 and MMP9 more sustainably than the thermal treatment alone, although elevated Hif-1α levels indicated an enhanced and longer lasting tumor hypoxia in the case of the nanochemothermal treatment. Based on the complex experimental approach, the presence of processes, such as necrosis (eg, due to high temperatures and an impaired tumor nutrition) and mitotic catastrophe (eg, by the impairment of p53) most likely supported the observed tumor destructive effect. Interestingly, the utilization of MTX/MNPs as a monomodal therapy regimen was insufficient to reliably destroy tumors. Though the limited tumor reductive effect of MTX/MNPs in comparison to MNPs cannot fully be explained, protein analyses suggest that the cells are still able to proliferate after MTX/MNP treatment. The presented results clearly demonstrate that the combined utilization of smart nanomaterials, such as MTX/MNPs and magnetic heat -- as it has been used in our nanochemothermia modality -- can distinctly help in winning the fight against cancer.

Supplementary materials
=======================

###### 

The influence of pH and time (**A**) and the pH and temperature (**B**) onto the stability of MTX/MNPs.

**Notes:** MTX/MNPs were incubated for the stated time under the corresponding conditions. 0 h: amount of MTX/MNP-bound MTX directly after coupling process (n≥3).

**Abbreviations:** MNPs, magnetic nanoparticles; MTX, methotrexate.

###### 

Microscopic (**A**) and macroscopic (**B**) MTX/MNP depositions in the tumor at 28 d after MTX/MNP application.

**Notes:** (**A**) Hematoxylin and eosin staining of 3 µm tumor sections (FFPE) indicated diffuse and cytoplasmatic localization of intratumorally applied MTX/MNPs, allowing a repetition of AMF treatment. (**B**) Macroscopic depictions of the dissected tumor reveled regions with high MTX/MNP depositions (arrow). Blue, nuclei; brown, MTX/MNPs. Scale bar: 50 µm.

**Abbreviations:** AMF, alternating magnetic field; FFPE, formalin-fixed and paraffin embedded; MNPs, magnetic nanoparticles; MTX, methotrexate.
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![Treatment scheme (**A**) and experimental setup (**B**) for in vivo experiments.\
**Notes:** (**A**) Applied treatment scheme for the performed in vivo experiments. (**B**) Magnetic heating was induced by exposing the intratumorally applied nanoparticles (orange spots) to an AMF (H =23.9 kA/m, f =410 kHz). An IR was placed vertically above the tumor/coil for acquiring tumor surface temperatures (heat maps). Body temperature was controlled rectally via fiber optic temperature sensors. Anesthetized mice were placed in a water-perfused heat shell to prevent hypothermia during treatment. Copyright ©2017. Dove Medical Press. Adapted from Stapf M, Pömpner N, Kettering M, Hilger I. Magnetic thermoablation stimuli alter BCL2 and FGF-R1 but not HSP70 expression profiles in BT474 breast tumors. *Int J Nanomedicine*. 2015;10(10):1931--1939.[@b17-ijn-12-2793]\
**Abbreviations:** AMF, alternating magnetic field; CT, computerized tomography; IR, infrared thermography camera.](ijn-12-2793Fig1){#f1-ijn-12-2793}

![Characterization of the used nanoparticles.\
**Notes:** (**A**) Core sizes were stated as given in the datasheet of the supplier. The hydrodynamic diameter (n=5) and the ζ-potential (n=3) were analyzed in double distilled water. Standard deviations are given in brackets. (**B**) Depiction of the clustered particle cores as observed by high resolution transmission electron microscopy. (**C**) SAR of the used MNPs (n=3) measured as water suspension (ferrofluid) or after immobilization in 10% PVA.\
**Abbreviations:** MNPs, magnetic nanoparticles; MTX, methotrexate; PDI, polydispersity index; PVA, polyvinyl alcohol; SAR, specific absorption rate.](ijn-12-2793Fig2){#f2-ijn-12-2793}

![Preferential and time-dependent uptake of MTX/MNPs.\
**Notes:** Cells were incubated with 100 µg/mL of either MTX/MNPs or MNPs (both n=3) for the stated period of time, and intracellular iron was quantified by AAS measurements. Results were generated from triplets of two independent experiments. Student's *t*-test (two-sided, paired) showed significant differences between the groups with \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001.\
**Abbreviations:** AAS, atomic absorption spectroscopy; MNPs, magnetic nanoparticles; MTX, methotrexate.](ijn-12-2793Fig3){#f3-ijn-12-2793}

![Increased uptake of MTX/MNPs correlated with higher temperatures and a reduced viability after in vitro hyperthermia.\
**Notes:** (**A**) Representative microscopic images of the different treatment groups prior to cell harvest. (**B**) Representative temperature curve after magnetic heating to a target temperature of 44°C for 60 min in an AMF (H =23.9 kA/m, f =410 kHz). (a) MTX/MNPs; (b) MNPs; (c) MTX; (d) control. (**C**) Cellular viability as assessed by AlamarBlue^®^ assay (n=6). Throughout in vitro experiments, the following concentrations were used: MTX/MNPs, 100 µg/mL; MNPs, 100 µg/mL; MTX, 25 µg/mL. Scale bar: 100 µm. Student's *t*-test showed significant differences between the groups with \**P*≤0.05, \*\**P*≤0.01, and \*\*\**P*≤0.001.\
**Abbreviations:** AMF, alternating magnetic field; MNPs, magnetic nanoparticles; MTX, methotrexate.](ijn-12-2793Fig4){#f4-ijn-12-2793}

![Micro-CT images revealed inhomogeneous intratumoral distribution of nanoparticles.\
**Notes:** Representative micro-CT image at 24 h after intratumoral nanoparticle application. After reconstruction, different body parts were colored based on their HU-values (via Imalytics software) for better visualization. The tumor area is highlighted with a dashed line.\
**Abbreviation:** CT, computed tomography.](ijn-12-2793Fig5){#f5-ijn-12-2793}

![Fastest reduction of tumor growth after nanochemothermal treatment.\
**Notes:** Tumor volumes (n≥2) of each animal were normalized to the tumor volume at the day of nanoparticle injection (−1 d; 1 µg~Fe~/mm³~Tumor~) and depicted as the median of relative tumor volumes. The median CEM43T90 was slightly lower for the nanochemothermal group (122 min) than for the thermal group (155 min). AMF: H =23.9 kA/m, f =410 kHz.\
**Abbreviations:** AMF, alternating magnetic field; MNPs, magnetic nanoparticles; MTX, methotrexate.](ijn-12-2793Fig6){#f6-ijn-12-2793}

![Enhanced induction of apoptosis by nanochemothermia.\
**Notes:** Representative images of tumor sections stained by TUNEL assay at 48 h after AMF exposure (n=3). Apoptotic areas are indicated by brown staining of the nuclei and cytoplasm. Representative apoptotic nuclei were marked by arrows. Throughout all in vivo experiments, nanoparticle concentrations of 1 µg~Fe~/mm³~Tumor~ were used. AMF: H =15.4 kA/m, f =435 kHz; positive control: DNAse I treated sections; scale bar: 50 µm.\
**Abbreviations:** AMF, alternating magnetic field; MNPs, magnetic nanoparticles; MTX, methotrexate; TUNEL, transferase dUTP nick end labeling.](ijn-12-2793Fig7){#f7-ijn-12-2793}

![Treatment-dependent expression of proteins associated with cellular apoptosis and survival, angiogenesis, and cell cycle.\
**Notes:** Representative images of at least two independent experiments. Numbers above the blot indicate the time after (theoretical) AMF exposure. Representative images for GAPDH were chosen as loading control. Throughout all in vivo experiments, nanoparticle concentrations of 1 µg~Fe~/mm³~Tumor~ were used. AMF: H =15.4 kA/m, f =435 kHz.\
**Abbreviations:** AMF, alternating magnetic field; C, negative control; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MNPs, magnetic nanoparticles; MTX, methotrexate; PARP, poly(ADP-ribose) polymerase; VEGF, vascular endothelial growth factor.](ijn-12-2793Fig8){#f8-ijn-12-2793}
